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To investigate the factors controlling the mineralization in ophiolites we systematically compared the
petrology and mineral compositions of the harzburgites/lherzolites, dunites and chromitites in the
Luobusa and Purang ophiolites. Generally, the petrological features and trace element compositions of
chromite and olivine in peridotite and chromitite are distinctly different between the two ophiolites.
In Luobusa, boninitic melts are inferred to have interacted with the harzburgites and modified the distri-
butions of some trace elements (e.g., Ni, Mn and V) in chromite and olivine. The subsequently formed
dunites and chromitites experienced significant elemental exchange. In contrast, the Purang ophiolite
contains a wider range of chromitite compositions and records diverse melt activities, such as the growth
of relatively abundant secondary clinopyroxene. The metasomatic melts were enriched in Al and
depleted in Si, Na and highly incompatible trace elements (e.g., Nb, Zr). Such melts resemble MORB-
like melts proposed in the literature but are assumed to be more hydrous than typical MORB because
of presence of hydrous minerals. The parental magmas of the Purang dunites and intermediate chromi-
tites are inferred to be compositionally intermediate between boninitic and MORB-like melts. In addition,
the more refractory nature of the Luobusa harzburgites facilitated a high Cr concentration gradient with
the interacting melts, making it easier to increase Cr in the melts. Crystallization of clinopyroxene and
amphibole in the Purang ophiolite accommodated significant amounts of Cr and water, respectively,
and negatively affected Cr concentration and chromite crystallization. The concentration of chromite
to form chromitites requires the presence of focused melt channels.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Most ophiolites, from their generation in an ocean to emplace-
ment on land, would experience extensive melt invasion and
consequent lithological and compositional modification [1–4].
Melt-peridotite interaction has been genetically linked to the
formation of chromite deposits in ophiolites [5–8], but there is no
consensus on the factors that determine whether a given ophiolite
Elsevier B.V. and Science China Pr

).
is mineralized or barren [9–11]. Chromite deposits in ophiolites
are typically hosted in harzburgites where they are surrounded
by dunite envelopes that grade outward into the peridotites
[12–15]. These three lithologies typically have simple mineral
assemblages composed chiefly of olivine and magnesiochromite
(chromite hereafter) accompanied by orthopyroxene and locally
by minor amounts of clinopyroxene. Both olivine and chromite
have relatively simple compositions but typically contain detect-
able trace elements and radiogenic isotopes [16,17]. In most previ-
ous studies, melt compositions were constrained by comparing
major oxide compositions of chromite with those in associated
ess. All rights reserved.

https://doi.org/10.1016/j.scib.2018.12.018
mailto:subenxun@mail.iggcas.ac.cn
https://doi.org/10.1016/j.scib.2018.12.018
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib


B. Su et al. / Science Bulletin 64 (2019) 108–121 109
magmatic rocks [15,18–21]. These studies proposed that high-Al
and high-Cr chromitites are formed from MORB-like and boninitic
melts, respectively [8,15,22]. Nonetheless, olivine coexisting with
chromite are not comparable in composition [17].

Olivine and chromite can crystallize as early phases from mafic
magmas and can be residual phases after partial melting of mantle
peridotites [18,23,24]. They are thus traditionally thought to be
important petrogenetic indicators [25–27], particularly chromite,
which is more resistant to alteration and weathering than olivine.
Recently, some authors have used trace elements and Li, Mg and Fe
isotopes to gain new insights into the genesis of chromite deposits
[4,10,16,28–32] and have shown that such elements can be used as
indices of partial melting, fractional crystallization, melt-rock
interaction and chemical diffusion [10,21,32–34]. Incompatible
trace elements in olivine and chromite are sensitive to melting
and differentiation processes, whereas compatible trace elements
are mostly used to identify source compositions [35,36].

Although the study of trace element compositions of olivine and
chromite has increased in recent years [10,21,37–43], the applica-
tion of these data to understand chromite mineralization in ophio-
lite is still in an early stage. To our knowledge there are, as yet, no
comprehensive studies on trace element compositions of olivine
and chromite in chromitites or their host peridotites.

Here we provide in situ trace element analyses of olivine and
chromite in chromitites and peridotites from the chromite
deposit-bearing Luobusa and barren Purang ophiolites in the Yar-
lung Zangbo Suture Zone of southern Tibet. These datasets,
together with petrological investigations and mineral major oxide
compositions, are used to constrain melt activity and its relation to
the formation of chromite deposit. Elemental compositions
Fig. 1. Geology map of the study area. (a) Sketch tectonic map of Tibetan Plateau showin
southern Tibet. (c) Geologic map of Purang ophiolite. (d) Geologic map of Luobusa ophi
between the two massifs are systematically compared to identify
potential chemical proxies for chromite mineralization in
ophiolites.
2. Geology of the Purang and Luobusa ophiolites

The Tibetan Plateau consists of several major blocks, which
were welded successively to the Eurasian continent along succes-
sive suture zones [3] (Fig. 1a). The Yarlung Zangbo Suture Zone,
the southernmost and youngest, marks the final collision between
the Indian block and the Eurasian plate [44,45]. This suture zone,
which extends �2,000 km from east to west, contains numerous
Cretaceous ophiolites (Fig. 1b) that represent remnants of the
Neo-Tethyan oceanic lithosphere [46,47]. The Purang (Fig. 1c)
and Luobusa (Fig. 1d) ophiolites are located in the western and
eastern parts of the Yarlung Zangbo Suture Zone, respectively.
Most of the ophiolites in the Yarlung Zangbo Suture, including Pur-
ang, lack significant podiform chromitites, whereas the Luobusa
ophiolite hosts the largest chromite deposit in China [48].
2.1. Purang ophiolite

The Purang ophiolite outcrops over an area of �800 km2 in
westernmost Tibet and consists chiefly of a large ultramafic massif
with minor crustal rocks (Fig. 1c). The ultramafic massif is domi-
nated by harzburgite with yellowish-brown weathering surfaces
(Fig. 2a), but subordinate lherzolite occurs as massive bodies in
the northern part of the ophiolite and as small lenses randomly
distributed in the harzburgite [49–51] (Fig. 1c). Minor chromitite
g its major sutures. (b) Distribution of ophiolites in Yarlung Zangbo Suture Zone in
olite.



Fig. 2. Occurrence of rocks from the Purang ophiolite (a–c) and scanned images of thin sections (d–h).
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veins commonly occur along the contact between the harzburgites
and lherzolites (Fig. 2b) or dunites (Fig. 2c). Some chromitite
bodies, with ore types ranging from disseminated to massive
chromitite, are locally enveloped in dunite in the host harzburgite
[52–54].

Once the weathered surfaces are removed, most samples are
fresh and have well-defined grain boundaries in thin section
[29,49] (Fig. 3d–g), however, olivine in some chromitite samples
is variably altered [53] (Fig. 3h).

Mafic rocks of the crustal section mostly form a massive body in
the eastern part of the ophiolite (Fig. 1c), but mafic dykes and veins
are also scattered in the harzburgites [54–56]. In addition, pyrox-
enite veins are also common in the harzburgite massif [50]. Dia-
base dykes have zircon U-Pb ages of ca. 120 Ma [57,58], and
gabbro dykes have ages of 130 Ma [59] and ca. 124 Ma [60]. Geo-
chemically, these mafic rocks have an affinity with normal mid-
ocean ridge basalt (N-MORB) [29,54,55].
2.2. Luobusa ophiolite

The Luobusa ophiolite lies about 200 km east-southeast of
Lhasa city (Fig. 1b). It is a tectonically bounded slice, at least
3 km thick, and has been thrust northward onto the Tertiary
molasse deposits of the Luobusa Formation and the Gangdese
batholiths. To the south, it is separated from Triassic flysch depos-
its by a steep reverse fault [16,48] (Fig. 1d). The base of the ophio-
lite is marked by a tectonic mélange containing blocks of pillow
lavas and cumulate rocks, including wehrlite, pyroxenite, and lay-
ered and homogeneous gabbros, in a highly serpentinized ultra-
mafic matrix. Geochronological studies have yielded variable
ages ranging from 177 Ma [61] to 163 Ma [62] and ca. 150 Ma
[60] for diabase, and ca. 130 Ma [63] and 150 Ma [60] for gabbro.
Malpas et al. [45] suggested that the range of ages represented a
two-stage origin for the ophiolite.

The Luobusa ophiolite consists chiefly of mantle harzburgite
and clinopyroxene-bearing harzburgite with abundant lenses and
pods of dunite and chromitite, structurally underlain by a layer
of transition zone dunite [15,64,65] (Fig. 1d). The transition zone
sequence contains a few seams and pods of chromitite up to sev-
eral meters thick, but the major podiform chromitites are all
hosted in the harzburgites. Individual chromitites are typically
lens shaped, although many occur as large, massive blocks and
tabular or pencil-like bodies [66]. Typical chromitite bodies range
from 20 to 250 m long, 10 to 100 m wide and 0 to 5 m thick and
have an average grade of 48 wt% Cr2O3 [48,67], which places them
in the metallurgic category. Most of the bodies are hosted in
harzburgite, although minor deposits also occur in the
clinopyroxene-bearing harzburgite along the southern margin of
the ophiolite [67]. Most of the chromitite orebodies occur in a nar-
row band, generally 500–600 m structurally below the crust-
mantle transition zone, where they are typically enclosed in dunite
or have dunite envelopes several centimeters to several meters
thick. These envelopes grade outward into the surrounding
harzburgite or clinopyroxene-bearing harzburgite with increasing
modal proportions of pyroxene [15,30,68], and their thickness is
independent of the size of the chromitite body. Massive, dissemi-
nated, nodular, anti-nodular and brecciated chromitites are the
most common textural types and these commonly grade into each
other [31].
3. Analytical methods

Samples used in this study are mainly harzburgite, dunite and
chromitite of the two ophiolites with additional lherzolite from



Fig. 3. (Color online) Back-scattered images of lherzolite (a–d), harzburgite (e–l), dunite (m, n) and chromitite (o, p) of the Purang ophiolite. See details in the main text. Chr,
chromite; Cpx, clinopyroxene; Ol, olivine; Opx, orthopyroxene; Sulf, sulfide.
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the Purang massif. In situ major and trace elements and back-
scattered images of the olivine and chromite were obtained follow-
ing microscope investigations. Average and representative data are
shown in Tables S1 and S2 (online) and raw data are presented in
Tables S3–S10 (online).
3.1. Major oxide analysis

Major element compositions of minerals were determined by
wavelength dispersive spectrometry using a JEOL JXA8100 electron
probe microanalyzer (EPMA) at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing. The
EPMA analyses were carried out at an accelerating voltage of
15 kV and 10 nA beam current, 5 lm beam spot and 10–30 s count-
ing time on peak. Natural and synthetic minerals were used for
standard calibration. A program based on the ZAF procedure was
used for matrix corrections. Typical analytical accuracy for all of
the elements analyzed is better than 1%–2%.
3.2. Trace element analysis

Trace element concentrations of olivine and chromite were
determined with a 193 nm Coherent COMPex Pro ArF Excimer
laser coupled to an Agilent 7500 a inductively coupled plasma
mass spectrometer (LA-ICP-MS) at the IGGCAS. Before LA-ICP-MS
analysis, thin sections previously coated with carbon for EPMA
analyses were treated with 3% HNO3, followed by de-ionized water
and ethylene to clean the surfaces. Each analysis was performed
using 80 lm-diameter ablating spots at 6 Hz with energy of
�100 mJ per pulse for 45 s after measuring the gas blank for 20 s.
Standard reference materials NIST610 and NIST612 (GeoReM:
http://georem.mpch-mainz.gwdg.de/) were used as external stan-
dards to produce calibration curves. Every eight analyses were fol-
lowed by two analyses of the standards to correct for time-
dependent drift. Calibration was performed using NIST612 as an
external standard, together with Si and Mg as internal standard
elements for olivine and chromite, respectively. Off-line data pro-
cessing was performed using the GLITTER 4.0 program.

http://georem.mpch-mainz.gwdg.de/
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4. Results

4.1. Petrography and major oxide compositions of minerals

4.1.1. Purang ophiolite
The lherzolite and harzburgite of the Purang ophiolite have sim-

ilar petrological features, mineral assemblages and mineral major
oxide compositions, which have been widely documented in previ-
ous studies [29,49–51,69]. There are, however, some unique fea-
tures that differentiate these lherzolites and harzburgites. In the
lherzolites, clinopyroxene normally occurs as small, anhedral
grains that occur as clusters or rims surrounding coarse-grained
orthopyroxene (Fig. 3a). In most cases, the clinopyroxene is associ-
ated with chromite or rarely with sulfide (Fig. 3b, c). Orthopyrox-
ene in the lherzolites not only occurs as large interstitial crystals
but forms exsolution lamellae in the clinopyroxene. It can also
occur as small grains in clinopyroxene-chromite clusters (Fig. 3c)
and in large clinopyroxene crystals (Fig. 3d). A close association
between clinopyroxene and orthopyroxene is also observed in
the harzburgites (Fig. 3e–h). Orthopyroxene not only forms large
crystals in the harzburgites but can also occur as inclusions within
clinopyroxene (Fig. 3i) or embedded in clinoproxene-chromite
clusters (Fig. 3j). Clinopyroxene lamellae are well developed in
many orthopyroxene grains (Fig. 3h), particularly along cracks
(Fig. 3k, l). Clinopyroxene is also present in many of the Purang
dunites and chromitites, where it is commonly in contact with
chromite [51] (Fig. 3m–p). Some chromite crystals contain silicate
inclusions (Fig. 3m, o).

The major oxide mineral chemistry of the Purang lherzolites
and harzburgites is very similar (Fig. S1 online). Olivine in the lher-
zolite and harzburgite has Fo (fosterite) contents of 90.5 to 92 and
there is no apparent correlation with NiO contents (Fig. S1a
online), whereas olivine in the dunites and chromitites has a
slightly larger variation in Fo (90–93) and shows a positive corre-
lation between Fo and NiO (Fig. S1b online).

All of the chromite grains analyzed in this study from the Pur-
ang chromitite are high-Al varieties with Cr# (100 � Cr/(Cr + Al))
of <60, but sparse high-Cr varieties (Cr# > 60) have been reported
in some harzburgite and dunite samples [53] (Fig. S1c online).
Orthopyroxenes generally have variable CaO and Al2O3 contents
and Cr#s and showweak or no correlation with Mg#s. Orthopyrox-
ene lamellae in the clinopyroxene have lower Mg# and CaO and
higher Al2O3 than the interstitial grains (Fig. S1d–f online).

Clinopyroxene compositions in the Purang samples are highly
variable, and reflect the nature of the host. Although the Al2O3 con-
tents and Mg#s of the clinopyroxene overlap each other in all types
of rocks (Fig. S1g online), grains in the dunites and chromitites
have higher CaO and Na2O contents than those in the lherzolites
and harzburgites (Fig. S1h, i online).
4.1.2. Luobusa ophiolite
The harzburgites, dunites and chromitites of the Luobusa ophi-

olite are somewhat more altered than those of the Purang massif.
Primary textures are rare in the harzburgites and dunites, but are
typically preserved in the chromitites and their associated litholo-
gies. The least-altered samples were selected for chemical analysis,
and their features and compositions can be representative by the
sample in Fig. S2 (online), showing a transition from chromitite
to dunite to harzburgite that is similar to the sample described
in Zhou et al. [68] and Su et al. [30]. The harzburgites and some
dunites typically contain trace amounts of clinopyroxene, whereas
the chromitites normally consist of only olivine and chromite.
Compositionally, the Luobusa harzburgites are more refractory
than those of the Purang ophiolite; the silicate minerals have high
Mg#s (e.g., olivine Fo up to 94) and the chromites have high Cr#s
(up to 60) [30,68] (Fig. S2 online). Smooth compositional transi-
tions from harzburgite to dunite and chromitite are thought to
be due to melt-rock interaction [68], whereas abrupt changes
between chromite and olivine bands in the chromitite are thought
to be related to Fe-Mg exchange [30] (Fig. S2 online). The Luobusa
dunites and chromitites have higher Fo values in olivine and higher
Cr#s in chromite than those of the Purang ophiolite (Figs. S1b, c, S2
online).

4.2. Trace elements in olivine and chromite

In general, olivines in the Purang ophiolite have larger varia-
tions in trace element concentrations than those in the Luobusa
massif (Figs. S3a, b (online) and 4); in contrast, the Purang chro-
mites generally have narrow concentration ranges than those of
Luobusa (Fig. S3c, d online). Variation trends of the trace elements
in both olivine and chromite are significantly different between the
two ophiolites and between rock types within each body (Fig. 4a,
b), and thus, values for harzburgite and chromitite are plotted sep-
arately from dunite in Figs. 5 and 6.

4.2.1. Olivine
Olivine from lherzolites in Purang has Li (1.06–1.90 ppm), Sc

(2.20–3.11 ppm), Ni (2,181–3,665 ppm) and Co (100–170 ppm)
concentrations, typical for mantle olivine, which, together with
the relatively high Fo (91–92), indicate a highly depleted origin.
Concentrations of incompatible elements in olivine, e.g., P (mostly
6.31–11.1 ppm), Ca (116–216 ppm) and V (mostly 0.31–1.17 ppm)
are below those of mantle olivine analyzed by Witt-Eickschen and
O’Neill [70] (P: 20–160 ppm; Ca: 785–1,214 ppm; V: 12–76 ppm),
which supports a depleted origin.

Olivine from harzburgites in Purang has trace element compo-
sitions similar to those in the lherzolites as follows; Li (1.24–
2.24 ppm), Al (17.6–75.3 ppm), P (6.99–12.7 ppm), Ti (2.48–
6.13 ppm), V (0.59–1.77 ppm), Mn (801–1,406 ppm), Co (96.6–
179 ppm) and Zn (13.0–71.2 ppm), with high Sc (2.84–4.99 ppm),
and highly variable Ca (66.5–257 ppm), Cr (5.70–190 ppm) and
Ni (2,223–3,941 ppm) concentrations (Fig. S3a, b online). Some of
the trace element compositions overlap with those in the olivine
from the Luobusa harzburgites (e.g., P: 9.53–13.8 ppm; Ni:
3,144–3,807; V: 0.34–1.86 ppm), although the latter has overall
higher Ti (4.99–8.39 ppm up to 22.7 ppm), lower Mn (826–
1,092 ppm) and Zn (24.3–48.3 ppm), and moderate Sc (2.27–
3.60 ppm) and Co (107–150 ppm).

Olivine in chromitites from the two ophiolites has distinctly dif-
ferent trace element contents. Those in the Purang chromitites are
conspicuously rich in Al (16.3–17.9 ppm up to 82.9 ppm), Sc (2.85–
7.50 ppm), V (0.28–2.43 ppm), Mn (1,103–1,370 ppm), Co (120–
163 ppm), Zn (22.6–59.2 ppm), and poor in Ni (2,649–
3,466 ppm). In contrast, olivine in the Luobusa chromitites has
much lower concentrations (Al: 1.82–10.7 ppm; Sc: 2.43–
2.82 ppm; V: 0.14–0.26 ppm; Mn: 563–656 ppm; Co: 69.2–
91.9 ppm; Zn: 12.9–19.1 ppm) except for Ni (3,967–4,194 ppm).
Dunites in both ophiolites have olivine with trace element compo-
sitions between those in harzburgite and chromitite in the individ-
ual ophiolites (Fig. S3a, b online).

4.2.2. Chromite
Chromite grains in the lherzolites and harzburgites of the Pur-

ang ophiolite have very similar trace element contents, which are
generally lower than those in the Luobusa harzburgites (Fig. S3c,
d online) such as Zn (382–1,946 ppm vs. 877–6,815 ppm), Ti
(248–416 ppm vs. 378–1,285 ppm), and Mn (575–1,772 ppm vs.
942–9,416 ppm). The Luobusa harzburgites are also characterized
by large variations in Si (575–7,263 ppm), Sc (1.01–4.56 ppm)
and Cu (0.96–4,461 ppm).



Fig. 4. Trace element (ppm) profiles of chromite (a) and olivine (b) in the transect harzburgite-dunite-chromitite sample from the Luobusa ophiolite as shown in Fig. S2
(online).
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The Purang and Luobusa dunite samples have comparable Cu,
Zn, Ca, Rb and Ga contents in chromite, but Ti, Co, Nb and Zr are
more depleted in the former (Fig. S3c, d online). All samples show
enrichment in Sc and Mn, and depletion in Ni compared to their
corresponding lherzolite and/or harzburgite (Fig. 5e–j). Chromite
compositions in the Purang dunites mostly overlap those of the
coexisting chromitites, whereas in the Luobusa ophiolite chromite
compositions of the dunites and chromitites are distinctly different
(Figs. 4a and 6e–j).

The trace element data of chromite in the Luobusa chromi-
tites obtained in this study are very similar to those reported
by Zhou et al. [10], with additional elements, namely; Si
(420–2,264 ppm), Ca (77.5–472 ppm), Rb (0.32–2.72 ppm), Zr
(0.37–3.00 ppm) and Nb (0.18–2.53 ppm). They have basically
higher Sc, Ti, Zr, Nb and Rb, and lower V, Ni, Zn, Si, Ca and
Ga contents than those in the coexisting harzburgites and
dunites (Fig. 4a).
5. Behaviors of trace elements of olivine and chromite under
high-temperature processes

To date, the hypothesis of melt-peridotite interaction has been
widely accepted to account for podiform chromite deposits in most
ophiolites including Luobusa [5,6,15]. In this model, podiform
chromitites are of magmatic origin and form from melts migrating
through mantle peridotite. Dunite envelopes are the products of
melt-rock reaction that strip the mantle residue of pyroxene and
replace it with olivine in focused melt channels [21,71,72]. How-
ever, as seen in the chromitite-dunite-harzburgite transect
described above, melt-rock reaction is a gradational process and
the peridotites grade from harzburgite to dunite to chromitite
[15,30,37,68] (Fig. S2 online). The harzburgites are considered to
be residues of melt extraction as shown by their refractory mineral
and bulk rock compositions, which later experienced chemical dif-
fusion from the melts [30,68]. During melt-rock reaction both the



Fig. 5. Correlation diagrams of trace elements (ppm) for olivine (a–d) and chromite
(e–j) in the harzburgite and dunite from the Purang and Luobusa ophiolites. Fig. 6. Correlation diagrams of trace elements (ppm) for olivine (a–d) and chromite

(e–j) in the dunite and chromitite from the Purang and Luobusa ophiolites.
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Cr#s of chromite grains and the Fo values of olivine in the harzbur-
gites are elevated [30] (Fig. S2 online). Clearly, dunite acts as a
boundary between harzburgites and chromitites. In addition, sub-
solidus re-equilibration occurs between chromite and olivine
within chromitites during cooling, further increasing the Fo con-
tent of the olivine [21,31].

Trace element analyses of chromite and olivine in the
chromitite-dunite-harzburgite profile (Figs. S2 (online) and 4) from
the Luobusa ophiolite record a complete range of processes of
chromitite formation (partial melting of harzburgite, fractional
crystallization of chromitite and dunite, reaction between melt
and harzburgite and subsolidus diffusion between chromite and
olivine) [30,68]. Thus, this profile provides an ideal opportunity
to track the behaviors of trace elements in olivine and chromite
during these high-temperature processes. Here we integrate our
new data with findings of previous studies [5,10,21,32,37,73,74],
to determine the behaviors of trace elements during the genesis
and evolution of chromite deposits as well as ophiolites.
5.1. Partition coefficients of trace elements in chromite and olivine

Partition coefficients (D) of trace elements have been experi-
mentally and empirically determined or estimated for chromite
and olivine in basaltic and boninitic melts as displayed in https://
earthref.org. This database shows that Co and Zn are highly com-
patible in chromite (DCo = 2.1–8.3; DZn = 3.6–7.9), and that Ni, Cu
and Ga are moderately compatible (DNi = 1.3–11; DCu = 3.1;
DGa = 1.83–3.75). Elements such as Mn, Ti, and Sc are slightly to
moderately incompatible in chromite with D values of 0.88–0.98,
0.05–0.75 and 0.18–0.57, respectively, whereas Rb, Zr and Nb are
highly incompatible (DRb = 0.029; DZr = 0.03–0.14; DNb = 0.0006–

https://earthref.org
https://earthref.org
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0.15). DV values are highly variable (0.02 to 31), reflecting varia-
tions in oxygen fugacity [10,21,37]. Chromite in boninite has
higher DTi and DV values, similar DSc and DMn values, and lower D
values of Co, Ni, Zn, Ga than those in MORB [21]. Although Si and
Ca partition coefficients in chromite have not been determined,
some experiments suggest that SiO2 and CaO contents in chromite
vary from a few thousands ppm to several percent depending on
the ambient temperatures and pressures [75–78].

Because olivine is a major mineral phase in the mantle, its trace
element variations have been well documented in various pro-
cesses. Substitution of cations in olivine is more complex than in
chromite due to its different crystal structure. In olivine, two ele-
ments, such as Al and Sc, or Li and P, are normally coupled to sub-
stitute for Mg and/or Si or to occupy vacancies to maintain charge
balance [79–81]. Meanwhile, trivalent cations in olivine generally
diffuse more slowly than divalent ones [33,37]. Co and Ni are both
compatible in olivine with D values of 1.1–52 and 1.4–351, respec-
tively (https://earthref.org), whereas elements such as Al, P, Ca and
Ti have very low D values (<0.1) in olivine, and others including Li
(D = 0.03–1.3) and Sc (D = 0.04–0.78) are moderately incompatible.
Partition coefficients of V, Cr, Mn and Zn in olivine are highly vari-
able from compatible to incompatible and appear to be susceptible
to subsolidus reequilibration that is controlled not only by the
temperature, but also by the distribution of the dominant divalent
cations in coexisting chromite [17,33,34,73,82,83].

Subsolidus reequilibration, mainly Fe and Mg exchange,
between chromite and olivine can significantly alter the elements
that can diffuse in both minerals, rather than incompatible trace
elements [33]. The intensity of the subsolidus reequilibration is a
function of the relative proportion and composition of chromite
and olivine [21,31,73,84], but the effect of subsolidus diffusion
on the contents of many trace elements in chromite and olivine
has not been well constrained.

However, major and trace elemental profiles of chromite and
olivine in the Luobusa composite sample (Figs. S2 (online) and 4)
clearly reveal the results of multiple high-temperature processes.
5.2. Behaviors of elements during partial melting

Compatible trace elements are thought to record primarily
magmatic differentiation processes and their contents in residual
mineral increase with the degree of partial melting, whereas
incompatible elements can preserve signals of mantle-derived
variability on both intra-and inter-eruption scales [36]. On the
basis of major element variations of olivine and chromite (Fig. S2
online), the harzburgite portion displays decreasing degree of par-
tial melting with distance away from its contact with dunite. Low
but constant contents (<1.5 ppm) of Rb, Zr and Nb of chromite in
harzburgite (Fig. 4a) indicate that they were mostly removed dur-
ing partial melting and not altered by later processes because of
their high incompatibility in chromite. Covariation of Sc and Ti
agrees with their similar incompatibility, and their immediate
increases close to the contact imply the possible influence by
melt-harzburgite interaction. Manganese in the chromite displays
similar content and trend as V (Fig. 4a), implying that Mn may also
be dependent on oxygen fugacity [10,21,37]. The increasing trends
of compatible elements such as Zn, Ni, Cu and Ga in chromite in the
harzburgite with the distance away from the boundary with
dunite, and the decoupling of olivine Fo values and chromite
Cr#s (Figs. S2 (online) and 4a), suggest that these elements were
controlled by both partial melting and melt diffusion. Chromite
in these rocks contains high Si and Ca, and the absence of clear
compositional trends of Si and Ca contents in chromite suggest
that their contents may be primary features acquired when the
chromite was initially formed.
Like chromite, olivines in the harzburgite (Fig. 4b) have low and
generally constant abundances of incompatible elements, such as Li,
P, Ca and Ti, whereas their Ni contents increase with increasing
degrees of partialmelting (Fig. 4b). Thedecrease of V and Sc contents
of the olivines at the contact with dunite reflects possible diffusion
into melts during melt-harzburgite interaction because V and Sc
prefer more oxidized and melt phases [21,33]. Al and Cr show cou-
pled variations, which are probably related to their reequilibration
with the surrounding chromite and pyroxenes during partial melt-
ing. Covariations of Co, Mn and Zn contents suggest that they were
moderately compatible elements during partial melting.

In summary, the concentrations and variations of most incom-
patible trace elements in the chromite and olivine in harzburgite
mostly reflect varying degrees of partial melting, whereas the com-
patible trace element abundances depend on their partition coeffi-
cients between bulk peridotite and melt. Those elements such as
Ni, which are compatible in both bulk rock samples and olivine
and chromite, preserve partial melting signatures, whereas the
other elements, which are compatible in olivine and chromite but
incompatible in bulk rock, have been overprinted by a combination
of partial melting and subsequent melt-harzburgite interaction.

5.3. Variation of elements during fractional crystallization and
diffusion

The coupled variations of olivine Fo and FeO and chromite Mg#
in the chromitite portion (Fig. S2 online) demonstrate significant
Fe-Mg exchange between chromite and olivine. The intensity of
Fe-Mg exchange is a function of the relative proportion of chromite
and olivine such as, the higher the chromite proportion in the rock
such as a chromite band (Fig. S2 online), the higher the modifica-
tion of the olivine composition as revealed in previous studies
[21,30,31]. Because of the high olivine/chromite ratios in dunites,
the effects of Fe-Mg exchange can be ignored, at least for major ele-
ments. Smooth variation of chromite Cr# from chromitite to dunite
is a typical feature of fractional crystallization [21,33,36].

Most trace elements in chromite in the chromitites display nar-
row compositional ranges and show no covariation trends with the
major elements (Fig. 4a), suggesting that trace element composi-
tions of the chromite are mainly related to parental magma com-
positions rather than magma differentiation. In contrast,
coexisting olivines in the chromitite preserve good evidence of
fractional crystallization such as systematical decreases in Mn, Co
and Zn, and increases in Ni, Li and P with the increasing distance
from the contact with the dunite (Fig. 4b). The overall lower Mn,
Co and Zn contents in the olivine compared to their occurrence
in the coexisting chromite (Fig. 4) indicate that their variations in
olivine were dominantly controlled by co-crystallizing chromites
preferentially incorporating these elements. Ni prefers to enter oli-
vine rather than chromite during crystallization because DNi is
higher in olivine [73,85], but elements such as Cr and Al preferen-
tially enter chromite. Because chromite contains little or no Li
[4,30] or P, the signatures of these two elements in olivine cannot
be overprinted by elemental exchange with chromite and thus rep-
resent primary features.

In some cases, it is impossible to evaluate the effect of Fe-Mg
exchange on the trace element compositions of olivine because oli-
vine relicts in chromite bands are commonly too small to be ana-
lyzed using LA-ICP-MS. However, compositional comparisons of
chromite between chromite bands and olivine bands point to slight
enrichments in Mn, Co and Zn and depletions in Ni in chromite
related to Fe-Mg exchange.

It is noteworthy that the trace element contents in the chromite
show abrupt changes across the boundaries between harzburgite
and dunite and between dunite and chromitite bands in the profile
shown in Fig. 4a, whereas changes in olivine are gradual (Fig. 4b).

https://earthref.org
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Crystallizing chromite appears to be more sensitive than olivine to
the compositional changes of the magmas involved in melt-
harzburgite interaction [5,6,15,30]. Thus, the chemical and physi-
cal changes of the interacting melt should have considerably mod-
ified partitioning coefficients of trace elements in chromite and
introduced Si and Mg from pyroxene in the harzburgite to facilitate
crystallization of voluminous olivine. Those elements in olivine
that are not influenced by reequilibration with chromite, such as
Cr, Al, Ti, Sc and V, show no correlations with the fractional crystal-
lization trend, suggesting that they are controlled by coeval crys-
tallization of chromite [21,73,82].

5.4. Mobilization of trace elements during serpentinization

It is known that serpentinization is a hydration reaction involv-
ing about 50% of solid volume increase [86]. This process produces
a significant amount of hydrogen, which is related to magnetite
formation from the Fe component in olivine [87–89]. In natural
systems, the reaction stoichiometry and extent of volume change
vary depending on the mechanism of element transport [90,91].
Thus, to understand element migration in ultramafic rocks it is
important to consider serpentinization and its chemical and phys-
ical effects.

Serpentine in chromitite sample LBS13-01 from the Luobusa
ophiolite has distinctive trace element compositions compared to
pristine olivine in the same sample. Li depletion in serpentine
(0.24–0.36 ppm) relative to olivine relicts (1.18–2.29 ppm) is inter-
preted to be related to preferential leaching of Li [4,92–94].
Valence-variable elements would presumably have been mobilized
into serpentine due to an elevation in oxygen fugacity as shown by
V (serpentine 1.07–2.38 ppm vs. olivine 0.14–0.26 ppm), Cr (ser-
pentine 184–388 ppm vs. olivine 5.41–67.6 ppm), and Ti (serpen-
tine 10.1–46.0 ppm vs. olivine 4.54–9.27 ppm). Elements having
geochemical affinity with Fe, such as Mn, Co and Zn, preferentially
entered magnetite, resulting in their depletion in serpentine (Mn
131–144 ppm; Co 11.1–15.9 ppm; Zn 4.97–5.10 ppm); whilst Sc
and Ni were somewhat immobile during serpentinization as their
contents lie between those of serpentine and olivine. The observed
enrichments of Al, P and Ca in the serpentines are probably from
the exotic reacting fluids.
6. Melt activities recorded in the Purang ophiolite

Melt penetration and melt-rock interaction following melt
extraction have been documented in ophiolitic massifs worldwide
[2,17,74,93,95], and the same processes have been suggested for
the Luobusa and Purang ophiolites [4,47,51,65,96,97]. Intrusive
pyroxenites and chromitites [51] (Fig. 2b, c), as well as mafic dykes
with an age spectrum of 120–130 Ma [57,59], in the Purang peri-
dotite massif indicate a long period of magmatic activity during
its formation and evolution. Replacive dunites formed by melt-
rock interaction are very similar to those in Luobusa [29,51,52],
and metasomatism of the harzburgites is shown by the presence
of plagioclase, amphibole and clinopyroxene [51,55,56,98]. These
previous studies provide abundant elemental and isotopic data of
minerals and whole-rock samples, but the genesis of the Purang
lherzolites (melting residue vs. metasomatic product) and origin
of the metasomatizing melts (MORB-like vs. arc magma) are still
ambiguous.

6.1. Origin of pyroxenes and transformation from harzburgite to
lherzolite

The lherzolite and harzburgite in the Purang ophiolite are very
similar except for their modal abundance of clinopyroxene as
described in Section 4.1. The occurrence of clinopyroxene sur-
rounding orthopyroxene in both rock types [51] (Fig. 3a–c, e, h)
indicates clinopyroxene precipitation at expense of orthopyroxene,
which is further confirmed by the clinopyroxene-chromite associ-
ation in all of the ophiolitic rocks (Fig. 3b, c, f, g, h, j, m–p) as dis-
cussed in Section 6.3. Enclosure of orthopyroxenes in
clinopyroxene in some cases (Fig. 3c, d, f, g, i) suggests that the
orthopyroxenes are incompletely transformed relicts. Morphologi-
cal and chemical investigations have revealed that the clinopyrox-
enes in the Purang harzburgites are secondary and formed during
melt-rock interaction [51,55,98]. Ca-enrichment of the percolating
melts is inferred from anorthitic plagioclase [98], whereas the
high-CaO olivine [51] in the Purang ophiolitic rocks reflects trans-
formation from orthopyroxene to clinopyroxene. In addition, well-
developed clinopyroxene lamellae in orthopyroxene of the
harzburgites (Fig. 3h, k, l) further confirms the incorporation of
clinopyroxene components into orthopyroxene, which could have
been induced by interaction with melts [99].

Compositionally, both clinopyroxene and orthopyroxene in the
Purang lherzolites plot within the ranges of their counterparts in
the harzburgites (Fig. S1d–i online). Orthopyroxene relicts and
lamellae in clinopyroxene and clinopyroxene lamellae in orthopy-
roxene also show nearly identical compositions to their corre-
sponding interstitial grains. However, orthopyroxenes in the
lherzolites are slightly enriched in Al2O3 and depleted in Cr2O3

compared to those in the harzburgites; likewise, the clinopyroxe-
nes are enriched in Al2O3 and CaO and depleted in Na2O at a given
Mg# (Fig. S1e–i online). These petrological and mineralogical fea-
tures point to the transformation of lherzolite from harzburgite
via interaction with Ca- and Al-enriched and Cr- and Na-depleted
melts. The random distribution of small lherzolite blocks in the
huge harzburgite massif (Fig. 1c) shows that such interaction was
localized.

In contrast, olivine and chromite from the lherzolites in Purang
have restricted but generally higher Fo and Mg# ranges, respec-
tively than those in the harzburgites (Fig. S1a, c online), suggesting
that the major element compositions of the olivine and chromite
were not significantly modified by melt-harzburgite interaction
and maintain their primary residual nature. On the other hand,
the trace elements of both olivine and chromite in the lherzolites
and harzburgites apparently underwent kinetic diffusion from
the metasomatic melts, as observed in the Luobusa ophiolite
(Fig. S2 online), as demonstrated by their larger compositional
variations (Fig. 5).

6.2. Metasomatic event for the dunite formation

In the Purang ophiolite the harzburgites contain numerous,
small, lenticular to irregular bodies of dunite and lherzolite,
although they are spatially separate (Fig. 1c). The dunites are com-
monly associated with bands of chromitite and have sharp contacts
with the host harzburgite [49] (Fig. 2b, c), similar to those in the
Luobusa ophiolite [68] (Fig. S2 online). Compositionally, the olivine
and chromite in the dunites display larger and more variable Fo
(90.5–93) and Cr# (35–80) values, respectively, than those of the
lherzolites (Fig. S1b, c online). Clinopyroxenes in both the dunites
and lherzolites are rich in CaO and Na2O (Fig. S1h, i online). Like-
wise, both have the same contents and variations of compatible
elements (Mn, Co, Ni, Zn) but the dunites and associated chromi-
tites show significant enrichment in incompatible elements (e.g.,
Ca, Ti, Sc and P) (Fig. 5a–j). Both the physical and geochemical evi-
dences suggest that the Purang dunites and lherzolites formed
from two different metasomatic events, in which the harzburgites
were invaded by compositionally distinctive melts. These two
metasomatic agents are both relevant to chromite mineralization
because chromitites in the Purang ophiolite are closely associated
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with the lherzolites or dunites in the field [49,52,53] (Fig. 2b, c) and
in the chemical plots (Fig. S1b, c, h, i online).
6.3. Metasomatic origin of clinopyroxene-chromite association

The clinopyroxene-chromite association as shown in Fig. 3 indi-
cates their cogenetic origin. This association in the Purang lherzo-
lites was previously interpreted to be symplectites formed by the
breakdown of mantle garnet under spinel-facies conditions [51].
This conclusion was based on the similarity of these features to
symplectites in orogenic peridotite massifs [100] and peridotite
xenoliths [101]. The clinopyroxene-chromite association has been
widely observed in various ophiolitic rocks, including harzburgite
[102] (Fig. 3f–h, j), dunite [15,30,68,102] (Fig. 3m, n), chromitite
[17,22,28,103] (Fig. 3o, p) and lherzolite [104] (Fig. 3b, c). Clinopy-
roxene compositions in these associations are comparable to those
of interstitial and secondary counterparts in the same rock types
(Fig. S1c, g–i online), suggesting their formation during melt-rock
interaction. The high CaO and MgO and low Na2O in these grains
are very different from clinopyroxene in symplectites (low Ca
and Mg and high Na) formed by the breakdown of mantle garnet
[100,101,105]. Neither the high modal abundance of chromite in
the ophiolite samples nor textures of these intergrowths (mostly
clinopyroxene-enclosed chromite) (Fig. 3) are comparable to sym-
plectite reported in orogenic peridotites and mantle peridotite
xenoliths [101,105]. The occasional presence of orthopyroxene
nuclei in the clinopyroxene-chromite association in the Purang
lherzolites and harzburgites (Fig. 3c, f, g) implies incomplete inter-
action with the invading melts, and the absence of such orthopy-
roxene in the dunites and chromitites (Fig. 3m–p) suggests
contemporaneous crystallization of clinopyroxene and chromite.
7. Relationship between melt activity and chromite
mineralization

Many factors controlling the formation of economic chromite
deposits in ophiolites have been proposed and these include
physicochemical properties and compositions of migrating melts,
melt replenishment, melt channels, refractory nature of host
harzburgites, and tectonic environment [5,6,10,15,21,71,72]. The
exact mechanism of chromite mineralization is, however, still
ambiguous [9,11,39,102]. Here we compare the petrology and min-
eral chemistry of the mineralized Luobusa ophiolite and the barren
Purang ophiolite in an attempt to shed new light on some aspects
of chromitite formation.
7.1. Trace element comparisons between Luobusa and Purang
ophiolites

7.1.1. Host harzburgite
Harzburgites in the Luobusa and the Purang ophiolites show

large major oxide ranges of the major constituent minerals and
overlap each other [15,29,30,51,55,68,96] (Figs. S1, S2 online).
However, olivine and chromite in the harzburgites of these ophio-
lites have distinctly different trace elemental compositions and
trends. Olivines in the Luobusa harzburgites generally show lower
contents of most compatible trace elements (e.g., Co, Zn and Mn)
but similar levels of most incompatible trace elements compared
to olivines in the Purang samples (Fig. 5a, c), indicating higher
levels of melt extraction in the Luobusa ophiolite than the Purang
ophiolite. Contrasting correlation trends of Mn vs. Ni of the olivines
in the two ophiolites (Fig. 5c) can be attributed to different diffu-
sive behaviors of these two elements [82,106] and to the composi-
tions of interacting melts as discussed in Section 5. This
explanation also applies to higher Ti contents of the olivine in
the Luobusa harzburgites (Fig. 5b).

Chromites display relatively large trace element differences
between the Luobusa and the Purang harzburgites and generate
well-defined correlations between the elements. The Luobusa
chromites have much higher total trace element compositions
compared to the Purang varieties (Fig. 5e–j). Enrichment of com-
patible trace elements (e.g., Ga, Zn, Cu and Co) in the Luobusa
harzburgites is consistent with the resistance of chromite to partial
melting [18,25]. The elevated incompatible trace element contents,
such as Zr, Nb, Ti and Sc in the Luobusa chromite, are attributed to
diffusion process from migrating melts (Fig. 4a). The significantly
high contents (Fig. 5f) of pressure-dependant Si in the chromites
[76–78] imply that the Luobusa harzburgites might have origi-
nated at a deeper depth than those of the Purang ophiolite.

Selected trace elements in olivine and chromite form good cor-
relation trends in binary plots for the harzburgite and dunite from
individual ophiolites. Some element pairs have similar trends on
both ophiolites (Fig. 5a, d, e, f, h) but others do not (Fig. 5c, i, j),
demonstrating the critical importance of migrating melt composi-
tions and the geochemical behaviors of the trace elements. Second-
ary clinopyroxene may also account for some elemental anomalies
(e.g., Ti in Fig. 5b, i) and the differences between the two ophiolites
because it can accommodate larger volumes of trace elements than
olivine and chromite. Melt-rock interaction resulted in more
clinopyroxene crystallization in the Purang harzburgites than in
Luobusa [51,55], even locally transforming harzburgite to lherzo-
lite, which significantly decreased the distribution of some trace
elements in and between chromite and olivine.

7.1.2. Dunite and chromitite
The close spatial association of dunite and chromitite in ophio-

lites is also mirrored in their mineral compositions; olivine and
chromite in individual ophiolites plot in restricted fields and/or
show linear correlations in binary trace element diagrams
(Fig. 6). Olivines in the Purang dunites and chromitites are
enriched in all compatible trace elements (except Ni) and some
incompatible elements (Ca, V, Al and Sc) compared to samples
from the Luobusa ophiolite. The two bodies show overlapping val-
ues of Li, Ti, Cr and P, and these two ophiolites show similar corre-
lation trends. Relatively larger variations of trace element contents
in the Purang olivines (Fig. 6a–d) are probably due to fewer analy-
ses on the Luobusa olivines and the two metasomatic events in the
Purang ophiolite (see Section 6). The associated chromites in the
Purang ophiolite are enriched in Zn, Ca, V, Ni and Ga and depleted
in Ti, Nb and Zr, and show narrow variations in Si, Sc, Mn, Co, Cu
and Rb compared to samples from Luobusa. The Luobusa dunites
and chromitites normally display good correlations between the
trace elements of chromites, whereas the Purang chromites are
mostly clustered with no clear co-variations in binary trace ele-
ment diagrams (Fig. 6e–j).

Low Fo values of the olivines in the Purang dunites and chromi-
tites (Fig. S1b online) indicate little or no Fe-Mg exchange between
chromite and olivine unlike the extensive reequilibration observed
in the Luobusa samples [15,30,31,96]. In summary, the Luobusa
and the Purang ophiolites display rather contrasting trace element
trends from the harzburgite to dunite and chromitite for both oli-
vine and chromite (Fig. S3 online). These data suggest that the dif-
ferences in trace element compositions between the Luobusa and
Purang ophiolites were primarily controlled by the compositions
of parental melts that interacted with the harzburgite accompa-
nied by limited elemental diffusion.

7.1.3. Parental melts of chromitites and tectonic implications
Compilations of worldwide economic chromite deposits in

ophiolites reveal that typical high-Cr and high-Al chromitites have
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Cr# of >70 and <50, respectively. High-Cr varieties typically have
<1,000 ppm Ni and <30 ppm Ga, whereas high-Al varieties have
>1,100 ppm Ni, and >400 ppm Ga [10]. A few intermediate chromi-
tites with Cr#s between 50 and 70 have been reported in a few
ophiolites [17,28,74,95,107]. The disseminated, uneconomic
chromitites of the Purang ophiolite span the full range of Cr#s from
20 to 60 (Fig. S1c online) and 52 to 89 in Xiong et al. [52], and have
Ni contents of 700–1,100 ppm and Ga of 30–55 ppm (Fig. 6j).

Xiong et al. [52] attributed the sparse high-Cr type chromitites
in the Purang ophiolite to percolation of bonititic melts in a supra-
subduction zone environment on the basis of compositional simi-
larities to typical high-Cr varieties in the Luobusa ophiolite
[15,66]. The close spatial relationship of high-Al type chromitites
with the lherzolites and dunites in Purang (Fig. 2b) and similarity
in mineral compostions (Fig. S1c, g, h online) indicate formation
from melts enriched in Al and Ca and depleted in Si and Na as well
as highly incompatible trace elements like Nb and Zr. Such melts
resemble many MORB-like melts proposed in the literature
[29,51,55,59,98] but are assumed to have been more water-rich
than typical MORB because of the presence of hydrous minerals
(e.g., amphibole) as metasomatic products and insterstitial grains
in lherzolite and chromitite [52,98]. Parental melts of the
intermediate-Cr type chromitites in the Purang ophiolite, similar
to those in the Guleman ophiolite, are inferred to lie composition-
ally between bonititic and MORB-like melts [74]. The penetration
of these various types of melts should have occurred sequentially
in the mantle section as evidenced by the continuous variations
of mineral chemistry between the rocks from the Purang ophiolite
(Fig. S3 online). Such compositional transitions from MORB-like to
intermediate and boninitic melts correspond to lavas in modern
Izu-Bonin-Mariana forearc, an area of subduction initiation [108–
111]. By comparison, the Purang ophiolite probably formed in a
forearc setting during the initial stage of the Neo-Tethyan ocean
subduction. These aspects, combined with recent studies of associ-
ated mafic rocks that intrude the Purang peridotites [57–60], fur-
ther support recently proposed rapid forearc exhumation of these
peridotites during a period of about 10 Ma (120–130 Ma) [47,112].
7.2. Indications for the genesis and exploration of ophiolitic
chromitites

Although extensive melt activities occurred in the Purang ophi-
olite, no economic chromite deposits were ever found in this mas-
sif. If the features of the Luobusa ophiolite are used as criteria for
chromite mineralization, it would suggest that the Purang ophio-
lite has no potential. Compositional comparisons with the Luobusa
ophiolites demonstrate several key points that may account for the
barren nature of the Purang ophiolite.
7.2.1. Recycling crustal materials in parental melts
Recycling of both oceanic and continental crustal minerals has

been documented in the Luobusa chromitites and peridotites
[10,65,113–115]. Such recycling is compatible with the high con-
tents of Nb, Zr and Ti in the chromites, because these elements
are commonly enriched in crustal materials. These components
are, in constrast, depleted in the Purang samples. Depleted Nd iso-
topes of clinopyroxenes in the Purang ophiolitic rocks [55] and
normal mantle-like bulk Fe isotopes [29], together with MOR-like
gabbros [29,54], further confirm smaller degrees of crustal contam-
ination in the melts that percolated through the Purang peridotites.
Thus, we conclude that involvement of recycled crustal materials
in the parental melts is favorable to chromite crystallization and
concentration [6,21]. Such a process is similar to the role of crustal
assimilation in the formation of stratiform chromite deposits [116].
7.2.2. Refractory nature of mantle harzburgites
Chromium is a refractory and compatible element and is con-

centrated in highly refractory mantle rocks. The Cr content of crys-
tallizing chromite can reflect the mantle source of the initial melts
and the degree of melt-rock interaction [15]. Melt-harzburgite
interaction is a process of remobilizing the element Cr via con-
sumption of pyroxenes and reprecipitating it as chromite
[6,117,118]. The refractory nature of the Luobusa harzburgites
compared to those in Purang (e.g., chromite Cr# >45 vs. 20–60;
Figs. S1c, S2 online) would facilitate increasing Cr concentration.

7.2.3. Crystallization of clinopyroxene and amphibole
Clinopyroxene is the secondmost Cr-rich mineral in the mantle.

Widespread secondary clinopyroxene in the Purang peridotites
and chromitites [52] (Fig. 3) was competing with chromite for Cr
during crystallization of the melts. This competition was abetted
by Ca-enrichment in the percolating melts, which favored transfor-
mation of orthopyroxene to clinopyroxene. This directly affected
the concentration of Cr in the melt and hindered chromite crystal-
lization. The presence of relict orthopyroxene in the
clinopyroxene-chromite assemblages (Fig. 3c, d, f, g, i) indicates
incomplete interaction probably due to low melt/rock ratios, and
as a consequence, less Cr is released. Additionally, water/fluid plays
an important role in chromite transportation and concentration
[102,119] but it was mostly involved in the formation of amphibole
and possibly clinopyroxene in the Purang ophiolite [52,98].

7.2.4. Significance of focussed melt channels
The significance of focussed melt channels has been highlighted

in the formation of ophiolitic chromitite by many authors
[9,13,15,71,72]. In the Purang ophiolite, there is abundant evidence
of metasomatic minerals in all rock types (Fig. 3) and small chromi-
tites are associated with lherzolites in the harzburgite massif
(Fig. 1c). Thus, in Purang melt infiltration was relatively pervasive
rather than being concentrated in focused melt channels, which
hindered Cr concentration and the formation of large chromitite
bodies.

7.2.5. Pressure and temperature conditions of chromitite formation
If the Si content in chromite is indeed dependant on pressure

[76–78], the Luobusa mantle peridotites and chromitites should
have formed at greater depths than those in the Purang ophiolite
(Fig. 5f, 6e). Greater depths of formation are typically associated
with higher temperatures. Efficient subsolidus exchange between
chromite and olivine requires high initial temperatures of crystal-
lization and long cooling times in relatively large melt chambers or
channels [31,34,84]. Obviously, the insignificant subsolidus reequi-
librium between chromite and olivine in the Purang dunites and
chromitites suggests that they crystallized at a lower temperature
and possibly experienced a faster uplift/emplacement than those
in the Luobusa samples. This inference seems to be consistent with
the tectonic settings in which the two ophiolites formed, that is,
the Luobusa ophiolite was believed to have formed in a mature
island arc [10,15,30], whereas the chromite deposit-barren Purang
ophiolite formed during subduction initiation as discussed above.
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